ABSTRACT
INTRODUCTION
Homology and context-based methods are two basic categories of computational methods for annotating new genes or proteins (Marcotte, 2000) . Integrated approaches to functional annotation are also being developed (Troyanskaya et al., 2003; Haft et al., 2005) . Context-based methods play an important role in finding functional association (linkage or coupling) between genes (von Bowers et al., 2004) . Context information could be genomic (Overbeek et al., 1999) , or functional (e.g. genes work together in a pathway). Pathway information is an important evidence in functional annotation (Osterman and Overbeek, 2003; Haft et al., 2005) . We say that there is a 'pathway hole' or a 'missing gene' in an organism if its genome appears to lack a recognizable form of a gene encoding a functional role that is required to maintain the contiguity of a pathway. Once a missing gene case is identified in a subset of genomes, one may start searching for gene candidates by a combination of bioinformatics and experimental techniques Osterman and Overbeek, 2003; Green and Karp, 2004) .
Many computational approaches have been developed for pathway analysis, e.g. a network matching approach to detect conserved pathways (Kelley et al., 2003) , a Bayesian method for detecting missing genes and finding candidates (Green and Karp, 2004) , network-based flux approaches (elementary modes and extreme pathways, both based on convex analysis) for studying the capabilities and functions of pathways (Schilling et al., 2000; Papin et al., 2004) , a comparative analysis of glycolytic pathways by combing biochemical data with comparative genome analysis (Dandekar et al., 1999) , a graph-based approach to detect frequent patterns in biochemical pathways (Koyuturk et al., 2004) , an algorithm based on the local connectivity of metabolites for network decomposition (Schuster et al., 2002) and phylogenetic analysis of individual (Forst and Schulten, 1999; Heymans and Singh, 2003) or genome-wide (Liao et al., 2002) metabolic pathways.
Several web-resources, such as KEGG (Kanehisa et al., 2004) , EcoCyc (Keseler et al., 2005) and ERGO , provide collections of pathways connected to genes in a variety of genomes. The Fellowship for Interpretation of Genomes (FIG) has launched a large-scale effort on encoding and analyzing subsystems within the framework of SEED (http://theseed.uchicago.edu/FIG/index.cgi), an integration of hundreds of genomes and a set of tools for their comparative analysis. The central strategy of FIG is to have experts annotate individual subsystems over a collection of genomes instead of one organism at a time, thus improving the accuracy of high-throughput annotation. Subsystems are a useful abstraction of the pathway concept. Subsystem encoding includes both a list of roles and a table of genes tentatively assigned to these roles in a variety of genomes. By definition, subsystems aggregate and reflect the whole spectrum of pathway variants.
Variants are often discussed in pathway analysis (Dandekar et al., 1999; Marrakchi et al., 2002; Osterman and Overbeek, 2003) . Organisms are different; so are their pathways. Pathways have evolved to accommodate a specific niche or a lifestyle. For example, many pathogens and some multicellular eukaryotes have truncated variants of metabolic pathways and rely heavily on salvage of exogenous metabolic precursors, such as vitamins. Variations also occur at the level of individual proteins. We see a growing number of examples of non-orthologous gene displacements (Galperin and Koonin, 1999) . On the other hand, very similar proteins may perform distinct functions depending on the functional context in an organism. Therefore, to efficiently apply pathway evidence to functional assignment of proteins, it is necessary to know the variants of a pathway or a subsystem that may exist in various species. This level of understanding is crucial to making an assessment of which functional roles are optional in an organism, and which are required and, thus, may constitute a pathway hole or a missing gene. Knowledge of variants is important for accurate pathway and network reconstruction (Dandekar and Sauerborn, 2002) and in silico metabolic modeling (Price et al., 2003) of any organism. On the other hand, the knowledge of pathway variants on the multiple-genomes scale will open new opportunities for a high-level cross-species comparison providing us with new insights into organism divergence and adaptation mechanisms. Identification of pathway/subsystem variants shared by a set of organisms may provide valuable clues to understanding the relationship between these organisms.
Till today, the analysis of pathway variants is largely a manual effort by a handful of experts in a specific group of pathways. With hundreds, soon to be thousands, genomes on hand, and with hundreds of widely conserved pathways, a manual approach is clearly out of question. Therefore, a development of bioinformatics tools supporting automated detection, classification and analysis of pathway variants is of high importance. Here, we introduce a computational approach for the automated detection of subsystem/pathway variants.
We have tested and refined our method using expert-encoded subsystems available in SEED.
Subsystem and pathway concepts are related, but since the former is more general, we will use it instead of the term pathway throughout this paper.
METHODS

Mathematical formulation of variants detection problem
We define the problem of finding subsystem variants as finding the minimum number of subgraphs in the subsystem (represented as a graph, see Section 2.2) such that each of the organisms of interest can be represented by at least one of the subgraphs, i.e. a subsystem variant. The rationale of this formulation is that there are a limited number of variants of a pathway in nature, and these variants are shared by different species due to a combination of the evolution and the functional constraints on the variants. The advantage of this formulation is that we can define variants in a relatively objective way and the resulting method can be applied to any subsystem. However, experts may also use their own criteria, such as which isoform of an enzyme is present in an organism, to define other types of variants. Given a subsystem (currently prepared by experts), the outline for our subsystem variant detection is as follows:
(1) transforming the subsystem into a directed graph (called subsystem graph); (2) generating subgraphs from the subsystem graph; (3) matching organisms to the subgraphs; (4) using integer programming to find the minimum number of subgraphs such that each organism matches to at least one of them.
Each subgraph in the final list represents a variant of the subsystem. The functional roles present in a variant are required roles of the variant, and the functional roles that are absent in a variant but are involved in the input subsystem are defined as optional roles of the variant.
Constructing subsystem graphs
In a subsystem represented as graph, functional roles (enzymes, transporters, etc.) are nodes and an edge is linked between two nodes if the second one consumes a product of the first one (Koyuturk et al., 2004) . Compounds that are not committed to the subsystem, such as ATP and H 2 O, are not considered for connectivity purposes. See Figure 1a and b for an illustration. Nodes in a graph connected by edges between them constitute a path in the graph (Minieka, 1978) . We denote a path as complete if it includes at least one set of source nodes and one set of sink nodes. In metabolic subsystem graphs, it is relatively easier to identify the sink nodes than the source 
Nonfunctional subgraphs (g-j) nodes (as there is often more than one source of a substrate). For example, in Coenzyme A (CoA) biosynthesis subsystem, CoA is the product of this subsystem and correspondingly, enzyme DPCK ( Fig. 2 ) that produces Coenzyme A is the sink node of the subsystem graph. Currently we are dependent on the experts to define sources for a subsystem, but implementation of an automatic tool for this purpose is possible. We adopted a depth-first searching strategy to search for paths in the subsystem graph. A variant of a subsystem can be represented as a subgraph in the subsystem graph. The set of functional roles that are annotated in an organism defines a subgraph (not all functional roles are required by some organisms). Therefore, the problem of matching an organism to a subsystem variant can be transformed into comparing two (sub)graphs. Here we define the distance between two subgraphs as the number of nodes (functional roles) only found in either of the subgraphs (enzyme isoforms are counted only once). We say subgraph A is within distance ε of subgraph B, or subgraph A matches subgraph B if their distance ≤ε. Here ε is a parameter, with ε = 0 meaning the perfect match. In practice, we use a positive ε (default 2) to allow some flexibility of annotations, because current annotation approaches are still imperfect.
Enumerating subgraphs
In principal we can enumerate all possible subgraphs for a given subsystem graph. In practice, we only need to keep those subgraphs that are within ε -distance from at least one of the annotated organisms, because all the other subgraphs could never be found in the final variant list even if they were considered in the calculation.
For a given subsystem, we first collect a list of nonredundant subsystem subgraphs of all annotated organisms. Then for each subgraph, we add nodes that are included in the subsystem graph but not in this subgraph, and/or delete nodes that are included in the subgraph in a combinatory way, satisfying that the number of added plus deleted nodes ≤ε. In this way, we generate a large number of subgraphs such that it is guaranteed that the variants must be among these subgraphs; thus we do not need to sample all possible subgraphs of a subsystem graph, which increases exponentially with the number of functional roles involved in the subsystem.
We not only want to find the minimum number of variants representing all the given organisms, but also expect that the variants are biologically meaningful. For this purpose, we assign different priorities to subgraphs, based on the functionality and compactness of the subgraphs. The definition of functionality and compactness relies on our knowledge of the subsystems and the topology of the subgraphs.
Functionality of subgraphs
We define a subgraph as functional if it contains at least one connected path from a set of source node(s) to a set of sink node(s) (functional pathway). For some subsystems, there could be more than one source for producing the final product. For the schematic example in Figure 1 , if an organism has enzyme E1-E4, it will be able to produce C6, regardless if there is transporter T1 or not (assuming substrates C1 and C3 always exist). In contrast, subgraph (h) is not functional although it has enzyme E2-E4, because it misses E1, and E1 and E2 must both exist for implementing the function of the subsystem. We define the number of functional pathways included in a subgraph as the functionality of the subgraph, e.g. for subgraphs (c) and (d) the functionality is 1, and for subsystem graph (b) (which can be considered as a special subgraph) the functionality is 2.
Compactness of subgraphs
We define a subgraph as sparse if it includes functional roles that do not contribute to functional pathways, or in other words, some functional roles are missing in the subgraph. For the subsystem shown in Figure 1 , the subgraph (e) is functional but sparse, because it includes functional roles E1 and E2, which can never lead to producing product C6 because the connecting enzyme E3 is missing. In contrast, subgraph (c) and (d) are functional and compact, because they do not include isolated functional roles.
Matching organisms to subgraphs
For an organism, we first get an initial list of matching subgraphs simply based on the distances between the organism and the subgraphs (distance ≤ε). Then we improve the matching list by considering the priority of the subgraphs. The priority of the subgraphs is (functional and compact) 
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(1) > (functional and sparse) > (nonfunctional). Matches of the organism with subgraphs of a certain priority are removed if matches of the organism with subgraphs of higher priority exist.
Integer programming approach for variant detection
We use integer programming to solve the variant detection problem, i.e. to find the minimum number of subgraphs such that each organism matches at least one of the variants. In the final list of subgraphs, each subgraph corresponds to a subsystem variant. We call the variant that includes the largest number of organisms as the basic form, and the remaining variants as variant 1, variant 2 and so on, ranked by the number of organisms matching to each variant. Linear programming (LP) is a procedure for finding the maximum or minimum of a linear function of variables (objective function) that are subject to linear constraints (Bertsimas and Tsitsiklis, 1997) . Simplex and interior point methods are widely used for solving LP problems by a progressively improving series of trial solutions until an optimum is reached. The related problem of integer programming (IP) requires some or all of the variables to take integer (whole number) values. Some of the most powerful algorithms for finding exact solutions of combinatorial optimization problems (Cook et al., 1998) are based on IP. LP and IP have been applied into many fields in biological sciences, such as maximum contact map overlap problem for protein structure comparison (Caprara et al., 2004) , optimal protein threading (Xu et al., 2004) and probe design for microarray experiments (Klau et al., 2004) .
We formulate the variant detection problem as an integer programming problem. Denote the number of organisms that have annotations for a subsystem as n. Denote the total number of subgraphs generated according to Section 2.3 as v. Denote the matching of organisms to the subgraphs as M (see Section 2.4), with M ij = 1 if organism i matches to subgraph j , otherwise 0. Denote if a subgraph j is selected in the final list or not as V j , with V j = 1 if selected, V j = 0 otherwise. The objective function for integer programming is,
(1)
Implementation
All the functions for manipulating graph were implemented in C++; the functions for reporting variant detection results were implemented in PERL; we annotated and maintained the subsystems (see Results section) in the SEED (http://theseed.uchicago.edu/FIG/index.cgi); we used graphviz for automatic graph representation of subsystems (http://www.graphviz.org); we used the GLPK package (GNU Linear Programming Kit) (http://www.gnu.org/software/glpk/ glpk.html) for solving the integer programming problem.
RESULTS AND DISCUSSION
In this section, we present variant detection results for two subsystems, biosynthesis of Coenzyme A (CoA) and flavin mononucleotide/flavin adenine dinucleotide (FMN/FAD) cofactors. All these cofactors are absolutely essential in all forms of cellular life. They bear a strong negative charge (phosphoryl group) and, in general, cannot be taken up from the medium. So all organisms are presumed to have at least a truncated form of each biosynthesis subsystems; those species that do not have a de novo biosynthetic pathway should have some form of a salvage pathway. For the purpose of method development and optimization, it is important that the subsystems we chose have a clear and ultimate goal (e.g. production of essential cofactors), which facilitates a relative straightforward interpretation of automatically detected subsystem variants.
Coenzyme A biosynthesis
Coenzyme A functions as a carrier of acetyl and acyl groups and is essential for numerous biosynthetic, energy-yielding, and degradative metabolic pathways (Begley et al., 2001) . The core of the Coenzyme A biosynthesis subsystem is composed of enzymes catalyzing a 5-step biochemical transformation of pantothenate (B5) to CoA (Fig. 2a) . The current version of the CoA biosynthesis subsystem in the SEED that we used for our analysis covers 263 complete or almost complete diverse genomes, including 239 bacteria, 13 archaea and 7 eukaryotes. Although a preliminary manual analysis revealed some characteristic variants (Gerdes et al., 2002; Osterman and Overbeek, 2003) , it was not sufficient for a generalization about the whole spectrum of variants and their distribution among different species. Figure 2b shows the variant detection results for this subsystem: 10 variants were detected in total. These variants and 'missing' genes therein were further inspected manually. The most abundant variant (referred to as 'basic' in Fig. 2b ) includes both vitamin B 5 salvage and the de novo synthesis routes of CoA production. Almost the same number of organisms split equally between variants 1 and 2, which include only one of the two possibilities. We need to mention that a discrimination between the basic form and variant 2 hinges on our ability to accurately identify a transporter (PANF), a notorious challenge of comparative genomics.
In the context of this subsystem, eukaryota and bacteria appear to share more similarities than with archaea (all bacteria and the majority of eukaryota under study have either basic form, variant 1 or variant 2; see Fig. 2b ). With a few exceptions, they both have the universal 5-step pathway from B 5 to CoA. The only differences within this pathway are associated with nonorthologous displacements of PANK and PPAT (Table 1) . Although the algorithm intentionally ignored these differences, they can be easily defined from the output of the automatic detection and be classified as e.g. subvariants (Table 1) . While most free-living bacteria (as well as fungi and plants) group within basic form and variant 2 (both include the de novo synthesis route), some bacterial pathogens as well as multicellular eukaryotes group in variant 1, i.e. salvage of vitamin B 5 , which is abundant in their diet. Refer to Figure 2 for the details of the subsystem and the descriptions of the functional roles. '?'-roles not required for a variant (most often, alternative forms, such as PANK, PANK2 and PANK3) that are approved by curator; 'miss'-required and approved by curator (genuine missing gene); 'miss'-required according to the automatic detection but rejected by curator (alternative route, predicted); gene names are given for Escherichia coli K12; other protein IDs are as in SEED (+ indicates that more than one protein ID is connected to the functional role). C #4 : predicted pantetheine shunt (see text for details); C #3 : predicted salvage of dephospho-CoA (see text for details). Relatively rare and highly truncated variants (such as 3 and 4; see Fig. 2b and Table 1 ) are characteristic of some obligate intracellular bacterial pathogens and endosymbionts. Our current large-scale analysis of subsystem variants supports our earlier conjecture (Osterman and Overbeek, 2003) and suggests that all Chlamydiaceae, Rickettsiaceae and some of the Mycoplasmaceae are dependent on the salvage of the last CoA precursor (dephospho-CoA). One of the most exciting conjectures can be made for a very small group of sequenced pathogens, two Mycoplasma and Treponema palidum. The observed pattern combined with a recent report on the activity of PANK on pantetheine (Strauss and Begley, 2002) , a possible product of poorly understood CoA catabolism, allowed us to hypothesize an existence of a 'pantetheine shunt', as a salvage route for the organisms with variant 4 type of subsystem, and possibly as a recycling route for many others.
If an absent role is not required for the implementation of a subsystem variant, it is marked by '?' as opposed to 'miss' (missing; Refer to Figure 3 for the details of the subsystem and the descriptions of the functional roles. The early steps of riboflavin biosynthesis may involve a different set of reactions and enzymes (GTPCH3 and NTPPP, Fig. 3a ) (Graupner et al., 2002) . These hypothesized functional roles, as well as Pyr_P, which was never connected to a specific gene in any organism (globally missing), are not shown in this ASPDC by homology searches. All of these genomes have otherwise a complete set of genes for the de novo synthesis. Possible interpretations of this observation are: (1) presence of an alternative non-orthologous and presently unknown form of ASPDC (missing gene) or (2) existence of an alternative source of beta-alanine ('missing' pathway).
FMN/FAD biosynthesis
FMN and FAD are two universal and indispensable flavonoid redox cofactors. Riboflavin (vitamin B2) is an ultimate precursor in the biosynthesis of these two cofactors (Bacher et al., 2001) . Similar to the CoA biosynthesis subsystem, there are two sources of B 2 , a salvage system and a de novo biosynthesis. A diagram of this biosynthesis subsystem is shown in Figure 3a .
An automated analysis has detected 6 variants for this subsystem projected in the current version of SEED over 264 genomes (Fig. 3b) . The most abundant variant (basic form) is adopted by 186 organisms, and it involves only the de novo synthesis of B2. This is different from the case of CoA biosynthesis subsystem, in which the largest number of organisms share the variant with both salvage and de novo synthesis of B5. Again the same caveat (identification of a vitamin transporter) as discussed for the PANF case, applies to this subsystem; therefore a distinction between the basic form and variant 2 is rather arbitrary. In contrast to CoA, we have not detected any cases of a pathway truncation to single genes, even in obligate intracellular pathogens. Overall, there are fewer variants in this subsystems and these variants fall more precisely along the taxon boundaries (Fig. 3b) . Selected variants and associated organisms are shown in Table 2 .
CONCLUSION
We proposed a formulation of the variant detection problem as finding the minimum number of subgraphs of a subsystem, and solved the optimization problem by integer programming approach. The performance of our approach was tested on several subsystems in SEED. Most of the variant assignments are fully consistent with the existing expert knowledge of these subsystems. New variants, including those tentatively assigned as non-functional, are invaluable for experts as pointers to potential technical problems with the analysis of specific genomes (sequencing gaps, misannotations) but, most importantly as a source of new insights into fundamental processes in the Central Machinery of Life. Subsystem variant analysis supports an accurate projection of genomic annotations from model organisms to others. It also allows us to more precisely 'know what we do not know', as can be illustrated by the examples of missing gene analysis. In the near future we are planning to establish a full integration of the variant automatic detection tool with the SEED system. This integration will contribute to performing a large-scale automated analysis of functional variants, including mapping of genuine missing genes and locating gene candidates for experimental verification.
